Abstract. The aim of the present study was to elucidate the roles of endothelium-derived hyperpolarizing factors (EDHFs) and nitric oxide (NO) in mediating the vasodilatation response to astragaloside IV and the effects of astragaloside IV on voltage-dependent Ca 2+ channels and receptor-operated Ca 2+ channels in rat thoracic aortic rings precontracted with potassium chloride (KCl; 60 mM) or phenylephrine (PHE; 1 µM).
Introduction
Astragaloside IV (Fig. 1) , a small molecular saponin, is usually selected as one of the marker compounds for chemical assessment and standardization of Astragalus membranaceus (AM) and its products (1) . Numerous studies have indicated that astragaloside IV causes multiple pharmacological effects, including antioxidant (2), anti-inflammatory (3), antitumor (4), anti-fibrotic (5), antivirus (6) , anti-radiation (7) and anti-scar (8) effects, and promotes angiogenesis (9) . Additionally, astragaloside IV can also relax the aortic artery, which is possibly the pivotal mechanism for why AM, at present, has been widely used to treat numerous disorders, including cardiovascular diseases, in traditional Chinese medicine (10, 11) .
The vascular smooth muscle contracts in response to the activation on voltage-dependent Ca 2+ and receptor-operated Ca 2+ channels (12, 13) , whilst vascular endothelial cells have an important role in monitoring tension by synthesizing and secreting various bioactive substances, particularly dilating factors, such as nitric oxide (NO) (14) , prostanoids (PGI 2 ) (15) and endothelium-derived hyperpolarizing factors (EDHFs) (16, 17) . A number of studies have suggested that astragaloside IV relaxed aortic vessels in a concentration-dependent manner. The comprehensive mechanisms were associated with endothelium-dependence through the NO and PGI 2 pathways, and inhibiting extracellular Ca 2+ influx and intracellular Ca 2+ stores release (18) (19) (20) . However, this mechanism has not been reported on EDHFs mediating astragaloside IV-induced vasodilatation and influences of astragaloside IV on voltage-dependent Ca studies have reported the relaxation response to astragaloside IV presenting in the endothelium-denuded (E-) aortic rings; however, the relative mechanisms remain to be elucidated. The expression levels of inducible NO synthase (iNOS) and cyclic guaosine monophosphate (cGMP) were reported to be markedly increased when AM was acting in cultured vascular smooth muscle cells (VSMC) (21) , suggesting that the direct action target of AM-induced vasodilatation is vascular smooth muscle through the NO-soluble guanylate cyclase (sGC) signaling pathway without endothelium mediating. These results propose a hypothesis that astragaloside IV, as a major constituent extracted from AM, may produce relaxant abilities through the generation of NO from the vascular smooth muscle system.
Thus, the present study was designed to elucidate the effects of EDHFs and the NO from VSMC on astragaloside IV-induced relaxation and further explore the effects of astragaloside IV on the voltage-dependent Ca 2+ and receptor-operated Ca 2+ channels.
Materials and methods
Animals. Healthy male Sprague-Dawley rats weighing 180-220 g, were purchased from Dashuo Biotechnology Co., Ltd. (Chengdu, Sichuan, China). All the rats were raised in cages with commercial solid foods and tap water available under identical conditions. The temperature was maintained at 25±1˚C, the humidity at 50±5% and the artificial illumination was for 12 h (light period 7:00 a.m.-7:00 p.m.). All the experimental procedures were performed under the guidelines of the Management Committeef from Chengdu University of Traditional Chinese Medicine (Chengdu, Sichuan, China).
Chemicals and reagents.
Astragaloside IV (chemical structure in Fig. 1 , purity 98%; 3-O-β-D-xylopyranosyl-6-O-β -D-glucopyranosyl-cycloastragenol) was purchased from Sichuan Weikeqi Biotech Co., Ltd. (Chengdu, Sichuan, China). Nifedipine was obtained from Shanxi Taiyaun Pharmaceutic Co., Ltd. (Taiyuan, Shanxi, China). Phenylephrine (PHE), acetylcholine (Ach), N ω -nitro-L-arginine methyl ester (L-NAME), indomethacin, tetraethtylamine (TEA), carbenoxolone (CBX), propargylglycine (PPG), catalase (CAT) and proadifen hydrochloride (SKF525A) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The other inorganic salts were provided by Chengdu Kelong Chemical Reagent (Chengdu, Sichuan, China).
The stock solution of astragaloside IV in dimethyl sulfoxide (DMSO; 10 g/l) was stored at -20˚C and used within 1 week. Indomethacin was dissolved in 95% ethanol and protected from light with aluminum foil. The highest concentrations of DMSO and ethanol were ≤0.01% in each of the chambers. Other chemicals and reagents were dissolved in distilled water and diluted with Krebs-Henseleit (K-H) solution prior to use. In the present study, all the concentrations noted were the final concentration in the bath chambers.
Preparation of thoracic aorta rings. Rats underwent cervical vertebrae dislocation, and subsequently the thoracic aortic artery was removed rapidly from the carotid artery and immediately placed into 4˚C oxygenated K-H solution in which the aorta was cleaned of residual fat and connective tissue and separated 3-5 mm in length. Aortic rings were mounted with two stainless steel hooks and suspended in the 10-ml organ chambers containing K-H solution (pH 7.4), which was composed of 118.4 mM NaCl, 4.7 mM potassium chloride (KCl), 2.5 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 25.0 mM NaHCO 3 , 11.0 mM glucose and 0.03 mM ethylenediaminetetraacetic acid, aerated with 5% CO 2 and maintained at 37˚C. The isometric tension of the aortic rings was monitored by four-channels of physiological force transducers. All the rings were stretched to 1 g resting tension in normal K-H solution for 1 h, and contracted repeatedly with 60 mM KCl or 1 µM PHE successively. The rings were allowed to rest until the baseline was restored following each contraction. When the contraction was stable and the concentration-contraction curve to KCl or PHE was repeatable, the effects of the drugs to be tested were observed. The endothelium in each arterial ring was denuded mechanically by forceps cannulating the lumen of the ring and gently rolling the vessel on the moist absorbent gauze. The endothelium was removed judging by the <10% relaxant response to 10 µM Ach subsequent to precontraction of the arterial rings with 1 µM PHE.
Effects of astragaloside IV on basal tension. When the thoracic aortic rings were only with 1 g resting tension in the absence of KCl or PHE, cumulative concentrations of astragaloside IV (0.1, 0.3, 1, 3, 10, 30, 100 and 300 mg/l) and equal doses of DMSO were added to the chamber, respectively. The vascular response to each concentration of astragaloside IV or DMSO was allowed to develop until the stable plateau was reached.
Effects of astragaloside IV on contraction. Two different experiments was performed. In one experiment, when the contraction response to 60 mM KCl or 1 µM PHE was repeated and the last contraction was maintained steadily, the different concentrations of astragaloside IV were added stepwise in a cumulative manner. The maximal contraction induced by 60 mM KCl or 1 µM PHE was taken as 100%. In the second experiment, a concentration-contraction curve for KCl (10-90 mM) or PHE (1x10 -9 -3x10 -5 µM) was constructed, respectively. When successive curves were repeatable, the arterial rings were preincubated with astragaloside IV prior to a repeat of the reconstruction of the contractile curves for the two cases.
Effects of inhibitors and denudation on astragaloside IV-induced relaxation.
To study the roles of EDHF and NO, effects of relative inhibitors on astragaloside IV-induced relaxation in endothelium-intact (E+) arterial rings were analyzed. When the contraction induced by 1 µM PHE was repeatable and the last contraction was sustained, the rings were respectively preincubated with NO synthase inhibitor L-NAME (100 µM), and L-NAME (100 µM) together with cyclooxygenase inhibitor indomethacin (10 µM), Ca 2+ -dependent K + channels blocker TEA (1 mM), gap junction blocker CBX (10 µM), cystathionine γ-lyse inhibitor DL-PPG (100 µM), CAT (500 U/ml), or cytochrome P450 monoamine oxidase inhibitor proadifen hydrachloride (SKF525A, 10 µM) for 20 min before astragaloside IV was cumulatively added to the chamber. Regarding the investigation of endothelium-denudation, experiments to analyze the effects of astragaloside IV were conducted in the E-arterial rings in the presence or absence of 100 µM L-NAME following a repeatable and sustained contraction.
Effects of astragaloside IV on Ca
2+ channels. To measure the effects of astragaloside IV on Ca 2+ channels, contraction induced by 60 mM KCl or 1 µM PHE was compared when the rings were respectively preincubated with astragaloside IV (100 mg/l), nifedipine (100 mg/l), or astragaloside IV plus nifedipine for 20 min after a repeatable and sustained contraction with 60 mM KCl or 1 µM PHE.
Statistical analysis.
All the values are expressed as mean ± standard deviation. Relaxant responses were expressed as the percentage according to the maximal contractile tension induced by KCl (60 mM) or PHE (1 µM). To evaluate the potency of testing drugs, values of E max and pD2 (negative logarithms of value EC 50 which denotes the concentration of drugs induced 50% of maximal effects) were calculated. The data were analyzed using the Student's t-test or Mann-Whitney U test when appropriate. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of astragaloside IV in thoracic aortic rings at 1 g resting tension.
In thoracic aortic rings with 1 g resting tension, adding cumulative concentrations of astragaloside IV (1x10 -4 -3x10 -1 g/l) had no significant vasomotor actions on the baseline (P>0.05, compared with the vehicle control).
Effects of astragaloside IV on KCl or PHE-induced contraction.
Astragaloside IV produced a concentration-dependent relaxation in arterial rings precontracted with 60 mM KCl or 1 µM PHE. When the rings were exposed to KCl, the astragaloside IV-elicited maximal relaxation magnitude (E max ) was 57.60±9.55% and the sensitivity (pD2) was 0.79±0.18. When they were exposed to PHE, the astragaloside IV (300 mg/l)-elicited E max was 100.01±9.64%, and pD2 was 1.71±0.27 (Figs. 2 and 3A) .
In addition, 100 mg/l astragaloside IV shifted the concentration-contraction curve for KCl (10- (Fig. 3B and C) .
Effects of astragaloside IV in aortic rings without endothelium.
Astragaloside IV also produced concentration-dependently relaxant effects on PHE-evoked contraction in E-arterial rings. Although the values of E max were significantly decreased (E-, 82.81±3.63%, P<0.01), the values of pD2 (E-, 1.45±0.51, P>0.05) were not evidently reduced when compared to that in the E+ rings, respectively (Fig. 4) . Table I , in E+ or E-arterial rings precontracted with PHE, astragaloside IV-elicited relaxation was evidently depressed by 100 µM L-NAME in the E max (P<0.01 for E+ and E-) and pD2 values (P<0.01 for E+ and E-).
Effects of NO on astragaloside IV-induced relaxation in aortic rings with or without endothelium. As shown in
Effects of EDHFs on astragaloside IV-induced relaxation.
Astragaloside IV showed a dilating response to contraction evoked by PHE, in a concentration-dependent manner, when the arterial rings were in the presence of preincubation with L-NAME (100 µM) plus indomethacin (10 µM), and the E max values were markedly reduced (41.64±10.52%, P<0.01) (Fig. 5A) . On the basis of these two inhibitors, arterial rings were preincubated with TEA (1 mM), CBX (10 µM), PPG (100 µM), CAT (500 U/ml) or SKF525A (10 µM), respectively, showing that astragaloside IV-induced vasodilatation was not affected by CBX, CAT and SKF525A, but was markedly inhibited by TEA (P<0.01) and PPG (P<0.05) (Fig. 5B) . 
A B
Comparison of astragaloside IV or nifedipine inhibitory effects on KCl or PHE-induced contraction. KCl and PHE-induced contraction were significantly antagonized by 100 mg/l astragaloside IV and 100 mg/l nifedipine. However, their action potency were different: Astragaloside IV manifested stronger inhibitory effects on PHE-induced contraction compared to the KCl-induced contraction (KCl 36.06±9.00 mg/mm 2 , PHE 11.57±2.65 mg/mm 2 , P<0.01), and nifedipine manifested stronger inhibitory effects on KCl-induced contraction compared to the PHE-induced contraction (KCl 3.89±1.51 mg/mm 2 , PHE 6.92±0.38 mg/mm 2 , P<0.01). In the combination treatment, synergistically additive effects were observed and its inhibitory effects on the KCl-induced contraction were similar to that on the PHE-induced contraction (Figs. 6 and 7) .
Discussion
To the best of our knowledge, the present study analyzed for the first time the roles of EDHF and NO in denuding endothelium in vasorelaxation induced by astragaloside IV and further examined the effects of astragaloside IV on the voltage-dependent Ca 2+ and receptor-operated Ca
2+
. The main results were as follows: i) Astragaloside IV produced a concentration-dependent relaxation response to KCl-or PHE-induced contraction and inhibited the dose-contraction curves for KCl or PHE in thoracic aortic rings. ii) Astragaloside IV-induced relaxation was attenuated by L-NAME in E+ and E-arterial rings precontracted with PHE. iii) Astragaloside IV, in the preincubation with L-NAME plus indomethacin, exerted vasodilatation that was depressed by TEA and PPG, but was not affected by CBX, CAT or SKF525A. iv) Inhibition of the PHE-induced contraction by astragaloside IV was more potent in comparison to inhibition of the KCl-induced contraction, while inhibition of the KCl-induced contraction by nifedipine was more potent in comparison to inhibition of the PHE-induced contraction. Additionally, combined application of astragaloside IV and nifedipine exhibited synergistic and additive inhibitory effects on the contraction evoked by KCl similar to PHE. These results added to the understanding in terms of vasorelaxation caused by astragaloside IV and simultaneously contribute to improving and enlarging the clinical application for AM in the field of cardiovascular diseases.
Contractile activity of vascular smooth muscle depends on the concentration alternation of (Ca 2+ ) i , which is recruited from the extracellular Ca 2+ influx through the activation upon voltage-dependent Ca 2+ and receptor-operated Ca 2+ and storage Ca 2+ release from sarcoplasmic reticulum (22) (23) (24) . In the study, the action of astragaloside IV in isolated thoracic aortic rings was evidenced to relax the contraction induced by KCl or PHE in a concentration-dependent manner, suggesting that astragaloside IV may act as a vasospasmolytic. The contractile mechanisms on KCl are different from PHE. KCl contracts vascular smooth muscle in response to membrane depolarization and openness of voltage-dependent Ca 2+ (25, 26) , while PHE induces contraction through the activation upon receptor-operated Ca 2+ without membrane depolarization (27, 28) . The results showed that preincubation with astragaloside IV produced significantly depressant effects on contraction stimulated by KCl or PHE, suggesting that astragaloside IV may be a Ca 2+ antagonist and reduces Table I . Effects of L-NAME on E max and pD2 values to astragaloside IV treatment in E+ and E-aortic rings pretreated with phenylephrine. .01 compared with astragaloside IV acting in E+ or E-arterial rings, respectively. Data are mean ± standard deviation (n=8). L-NAME, N ω -nitro-L-arginine methyl ester; E+, thoracic aortic rings with an endothelium; E-, thoracic aortic rings without an endothelium. Figure 5 . Relaxant effects of astragaloside IV (1x10 -4 -3x10 -1 g/l) on preincubation with (A) L-NAME (100 µM) plus indomethacin (10 µM) and (B) L-NAME plus indomethacin and TEA (1 mM), CBX (10 µM), PPG (100 µM), CAT (500 U/ml) or SKF525A (10 µM) for 20 min in rat aortic rings after a contraction induced by PHE (1 µM). The alternation of tension is expressed as percentage of the active contraction induced by PHE. Data are mean ± standard deviation (n= 8).
E+ E-------------------------------------------------------------------------------------------------------------------------------------------------------------
f P<0.01 compared with vehicle control; e P<0.05, i P<0.01 compared with astragaloside IV plus L-NAME plus indomethacin. PHE, phenylephrine; L-NAME, N ω -nitro-L-arginine methyl ester; TEA, tetraethtylamine; CBX, carbenoxolone; PPG, propargylglycine; CAT, catalase; SKF525A, proadifen hydrochloride. Figure 6 . Typical records of inhibitory effects of astragaloside IV (100 mg/l), nifedipine (100 mg/l), and astragaloside IV (100 mg/l) + nifedipine (100 mg/l) on the contraction induced by KCl (60 mM) or PHE (1 µM) in rat aortic rings. AS IV + Nif, astragaloside IV plus nifedipine; PHE, phenylephrine; KCl, potassium chloride. , which is in accordance with the previous studies on using KCl or PHE (18) (19) (20) in rat thoracic aortic rings preincubated with astragaloside IV. The inhibitory effects of astragaloside IV on contraction were compared to the contraction caused by nifedipine, a selective L-type Ca 2+ channels blocker (29) . In various types of smooth muscle, Ca 2+ channels blockers strongly decreased high K + -induced increase in (Ca 2+ ) i (30) . The present study revealed that astragaloside IV and nifedipine reduced high K + -induced contraction. Simultaneously, the data also revealed that astragaloside IV could also reduce the contraction induced by PHE. These findings indicate that astragaloside IV may block the voltage-dependent Ca 2+ and receptor-operated Ca 2+ channels, which is distinct from the action mode of nifedipine that mainly blocks voltage-dependent Ca 2+ channels. Karaki et al (12) observed that the contraction triggered by the α1 receptor agonist was less sensitive to Ca 2+ channels blockers compared to that induced by high K + . However, the present results demonstrated that the inhibitory effect of astragaloside IV on PHE-induced contraction was more potent compared to that on KCl-induced contractile activities, suggesting that astragaloside IV differs from Ca 2+ channels blocker. Therefore, astragaloside IV is likely to block the superior receptor-operated Ca 2+ channels and inferior voltage-dependent Ca 2+ channels. To confirm the attributes of astragaloside IV blocking Ca 2+ channels, astragaloside IV and nifedipine were used in combination. The inhibitory effect of the combined use was enhanced, and its actions on KCl-induced contraction were similar to that elicited by PHE. Furthermore, voltage-dependent Ca 2+ entry is eliminated in the presence of nifedipine. Therefore, the reinforced depression induced by astragaloside IV appears to be the involvement with receptor-operated Ca 2+ channels antagonism. Taken together, astragaloside IV may act as a Ca 2+ antagonist through blocking the superior receptor-operated Ca 2+ and inferior voltage-dependent Ca 2+ channels, but further and sufficient proof is required to verify its characteristics of Ca 2+ channels antagonism. There are two vascular relaxant pathways; endothelium-dependence and -independence. In the present study, although the E max produced by astragaloside IV in the E-arterial rings pre-contracted by PHE was significantly declined, no notable changes in the sensitivity (pD2) were observed when compared to those in the E+ arterial rings, respectively. The results are consistent with those reported by Wang et al (18) using astragaloside IV in rat E+ and E-aortic rings precontracted with PHE or high K + solution and with those observed by Zhang et al (20) using astragaloside IV in normal and stroke-prone spontaneously hypertensive rat thoracic aortic rings contracted by PHE, high K + solution or CaCl 2 , and perivascular fat-intact aortic rings precontracted with PHE or angiotensin II, which suggests that astragaloside IV dilates aortic vessels via endothelium-dependence and -independence.
Vasorelaxation in response to NO converted by its precursor substance L-arginine under the participation in the NOS is frequently considered to be mediated by an increased expression of cGMP in vascular smooth muscle as a result of activation upon sGC. In the pretreatment PHE-induced contractile E+ arterial rings with L-NAME, the E max and pD2 values produced by astragaloside IV were significantly reduced. The results indicate that endothelium-derived NO mediates astragaloside IV-induced vasodilatation, which is in accordance with previous studies (18) (19) (20) . However, NO is not only generated from vascular endothelial cells in the stimulation of bioactive substance, but is also synthesized from VSMC, particularly in the condition of endothelial dysfunction in response to the increments of inflammatory factors (31), oxidative stress (32), obesity and insulin resistance (33) . In addition, high content NO (34) , secreted by activating the expression of iNOS, is considered harmful to the body although it is able to antagonize vasoconstriction in the form of compensation. In E-arterial rings, endothelium-derived NO is exhausted. However, preincubation with L-NAME could also significantly reduce the relaxation of astragaloside IV, suggesting that astragaloside IV relaxes aortic vessels, which is through the endothelium-independence and NO signaling pathways. Altogether, NO generation from the vascular endothelial cells and VSMC mediates vasorelaxation of astragaloside IV. However, whether astragaloside IV directly targets at VSMC, which secondly synthesize NO in the presence of endothelial integrity, remains to be elucidated.
EDHFs, as another vasodilator, are crucial to regulate vascular tension and maintain homeostasis. Vasodilatation mediated by EDHFs is considered to be a backup mechanism in case of endothelial dysfunction or insufficient NO, thus the perspective that it is more important than NO to a certain extent is accepted (17) . At present, EDHFs were studied with the common method of adopting preincubation with L-NAME together with indomethacin in order to exclude the interference of NO and PGI 2 . In the present study, astragaloside IV also showed a concentration-dependent vasodilatation when the rings exposed to PHE were preincubated with L-NAME and indomethacin, indicating that vasodilatation response to astragaloside IV is independent on NO and PGI 2 . These substances were considered to possibly be the EDHFs. Therefore, the arterial rings in the presence of L-NAME plus indomethacin were added to Ca 2+ -sensitive K + channels blocker TEA, which is a marker used to identify EDHFs. The data revealed that the vasodilatitation was significantly attenuated Figure 7 . Inhibitory effects of astragaloside IV (100 mg/l), nifedipine (100 mg/l) and astragaloside IV (100 mg/l) + nifedipine (100 mg/l) on the contraction induced by KCl (60 mM) or PHE (1 µM) in rat aortic rings. Data are mean ± standard deviation (n=8).
f P<0.01 compared with vehicle control, i P<0.01 compared with astragaloside IV. AS IV + Nif, astragaloside IV plus nifedipine; PHE, phenylephrine; KCl, potassium chloride.
by astragaloside IV, suggesting that astragaloside IV induces endothelium-derived hyperpolarizing reactions. Although numerous studies on EDHFs have been published, thus far the detailed substances on EDHFs have not been identified with potential candidates, including K + , metabolic products of epoxyeicosatrienoic acid (35) , hydrogen peroxide (36), hydrogen sulfide (H 2 S) (37) and intracellular gap junction (38) . To determine which of these substances are possibly responsible for the vasodilatation response to astragaloside IV, in the present study the rings were pretreated with L-NAME plus indomethacin and CBX, PPG, CAT or SKF525A, respectively, following the contraction induced by PHE. The results indicated that the relaxant actions of astragaloside IV were affected by PPG and not by CBX, CAT or SKF525A. This appears to suggest that astragaloside IV-induced vasodilatation is associated with H 2 S synthesis. Collectively, astragaloside IV promotes endothelial cell secretion of K + and H 2 S, which participate in endothelium-derived hyperpolarizing reactions, and consequently relaxes the vessels.
In conclusion, astragaloside IV has been shown to have direct inhibition on aortic contraction induced by KCl or PHE in vitro. Astragaloside IV acts as a Ca 2+ antagonist inhibiting the contraction by blockade of superior receptor-operated Ca 2+ and inferior voltage-dependent Ca 2+ channels. Astragaloside IV relaxes the vessels through endothelium-dependent and -independent NO pathways, and causes vasodilatation in association with K + -and H 2 S-mediated endothelium-derived hyperpolarizing reactions.
